We investigated the impacts of acute cold and heat exposure on mortality, oxidative stress, antioxidative and stress response, and apoptotic activation in gill tissue of Mytilus galloprovincialis. Our results showed that both cold (4°C) and heat stress (35°C) resulted in high mortality. Reactive oxygen species increased significantly after cold stress at 4°C and heat stress at 30°C (P < 0.01). In addition, both malondialdehyde content and antioxidative enzyme (SOD, CAT and GSH-Px) activities increased significantly after both cold and heat stress (P < 0.05). However, the transcripts of Hsp70 up-regulated only after heat stress. Western-blot analysis of gill extracts showed that the phosphorylation levels of p38-MAPK were enhanced only at the beginning of cold and heat stress, but elevated activation levels of caspase-3 were observed throughout a 24-h recovery period. Our results suggested that extreme cold and heat air exposure resulted in oxidative stress in the gill tissue of the mussels. The antioxidant enzymes are crucial under both cold and heat exposure, while Hsp70 is induced by heat stress. It seems that p38-MAPK plays a key role in the early response to both cold and heat stress and that apoptosis might be activated in the gill tissue of M. galloprovincialis.
INTRODUCTION
Temperature is an essential factor that affects physiological responses in cells and is crucial to biogeographic distribution of intertidal species (Pörtner, 2001; Hochachka & Somero, 2002) . Sessile species such as mussels encounter extreme temperature fluctuations in the intertidal environment and their body temperature may be changed within a short period of time (Sokolova, 2004) . The blue mussel Mytilus galloprovincialis is a marine intertidal bivalve that originated from the Mediterranean Sea and is widely distributed in Africa, Asia and North and South America; this wide distribution is consistent with its highly positive physiological response and tolerance to thermal stress (Braby & Somero, 2006; Lockwood, Sanders & Somero, 2010; Somero, 2010 Somero, , 2011 . In China, M. galloprovincialis is widely distributed from north (Bohai Sea and Yellow Sea) to south (South East China Sea and South China Sea) coasts, with the predominant distribution in the north (Tang et al., 1989; Qi et al., 2014) . In recent years, an increasing number of M. galloprovincialis have been found on the southern coast. The physiological response of M. galloprovincialis to temperature stress along the coast of China requires further investigation.
Reactive oxygen species (ROS) are formed as a natural byproduct of the normal metabolism of oxygen during aerobic respiration and include peroxides, superoxides, hydroxyl radicals and singlet oxygen. ROS can interact with many biological molecules including proteins, lipids and nucleic acids, irreversibly altering the spatial conformation and function of the impacted molecule (Bartosz, 2009 ). For example, overproduction of ROS can cause tissue damage, impair cellular function, change the physical and chemical properties of cell membranes, and ultimately undermine vital functions (Manduzio et al., 2005) . Some previous investigations demonstrated that high ROS could be produced in haemocytes of some mussel species such as M. coruscus and M. edulis after heat stress (Mackenzie et al., 2014; Wu et al., 2016) . When antioxidant defences are overwhelmed by ROS production, the level of lipid peroxidation products, such as malondialdehyde (MDA), increases, which is an indicator of injury caused by ROS in various marine organisms (Almeida et al., 2005; Taylor & Maher, 2010) . Previous studies revealed that MDA also increased in some mussels when the organisms were exposed to organic pollutants, heavy metals or heat stress (Cheung et al., 2004; Negri et al., 2013; Kamel et al., 2014) . The excess ROS production could be eliminated by antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), which protect cells from ROS damage (Sies, 1993) . The gill is one of the most metabolically active tissues in mussels, but may be directly exposed to various environmental stressors such as temperature, heavy metals and chemical pollutants (Almeida et al., 2005; Kefaloyianni et al., 2005; Châtel et al., 2011; . The relationship between ROS production, MDA content and the cellular antioxidant regulation in gill tissue as response to the thermal stress, especially cold stress, needs to be better understood.
Heat shock proteins (Hsps) play a crucial role in protecting the rocky intertidal animals from cellular damage when they experience highly variable thermal conditions (Somero, 2002; Tomanek, 2008) . In addition, mitogen-activated protein kinase (MAPK) cascades can be activated in environmental stress responses (Cowan & Storey, 2003) and might be involved in the regulation of Hsp expression in blue mussels (Buckley, Owen & Hofmann, 2001; Anestis et al., 2008) . Previous studies have demonstrated that the p38-MAPK signalling pathway is critical in the response of some marine bivalves to environmental stress (Kefaloyianni et al., 2005; Anestis et al., 2008) . The activated p38-MAPK might be involved in caspase-3 activation, which is associated with apoptotic-related regulation in mussels' response to thermal stress (Zhu et al., 1999; Yao & Somero, 2012 . However, the detailed regulation mechanisms involved in the response to oxidative stress in gills of mussels are still poorly understood.
Therefore, our study aimed to identify the impact of acute heat and cold exposure on the oxidative stress response in gill tissue of M. galloprovincialis by investigation of ROS production, MDA content, antioxidative response, Hsp70 mRNA expression, p38-MAPK phosphorylation and caspase-3 activation, in order to better understand the physiological responses of mussels to acute thermal exposure and its molecular regulation.
MATERIAL AND METHODS

Animals
Mytilus galloprovincialis within a size range of 6.5 ± 1 cm were collected from Dalian, Liaoning Province, China (39°01′N, 121°44′E). All specimens were shipped to Jimei University (Xiamen) for 4 weeks' acclimation at 15°C (as control temperature), with salinity of 32 ppt in recirculating seawater tanks and fed a phytoplankton diet every day.
Cold-and heat-stress treatment All mussels were exposed in air throughout the temperature-stress experiment. Cold temperature stress was carried out by transferring two groups of mussels from the control seawater tank (15°C) to a temperature-controlled tank (controller CSi8D from OMEGA Engineering, USA), in which they were exposed to a cold ramp for 3 h from 15°C to 9°C or 4°C, respectively. The heat stress was applied to three groups of mussels with a ramp for 3 h from 15°C to 25°C, 30°C or 35°C, respectively. At the designated temperature points on the ramp, the treated mussels were maintained at the corresponding temperature for an additional hour. Fifty mussels in each of the six temperature groups (including control) were used in the experiment. Then, six mussels were randomly selected and sampled from each group (total 18 mussels) at each designated temperature point, while others were moved back to control seawater and maintained for another 24 h recovery and then sampled as above. Only surviving mussels were used in the experiment. The dissected gill tissues from six mussels were pooled (cut into small pieces and mixed together as one group) and three independent groups were used in the experiments (n = 3). The samples were frozen in liquid nitrogen and stored at −80°C for further experiments. The control and stressed temperatures mimicked an ecologically realistic thermal environment for M. galloprovincialis. The cumulative mortality was calculated by counting the number of dead mussels in each tank after thermal stress and 24 h recovery.
Isolation of gill cells
Gill cells were isolated from M. galloprovincialis as described by Venier, Maron & Canova (1997) , with modifications. Briefly, c. 500 mg fresh gill tissue was cut into pieces and washed twice with Alsever solution (NaCl 70 mM, trisodium citrate dihydrate 27 mM, citric acid monohydrate 2.6 mM, D-glucose 114 mM, pH 7.5). Tissue was then dissociated in calcium-and magnesium-free saline (CMFS) (containing 20 mM HEPES, 500 mM NaCl, 12.5 mM KCl and 5 mM EDTA, pH 7.3) by stirring at a low speed (100 rpm) for 1 h at room temperature. Cells were filtered through 280-μm and 100-μm mesh and washed twice by centrifugation at 300 g for 10 min at 4°C. The pellet was resuspended in Alsever's solution and then diluted to 1 × 10 7 cells ml −1 . Antibiotics (100 U ml −1 of penicillin and 100 U ml −1 streptomycin) were added to the cell suspensions to prevent bacterial growth.
ROS production
ROS production was measured in gill cells using 2′7′-dichlorofluorescein diacetate (DCFH-DA, Beyotime Institute of Biotechnology, China) according to the manufacturer's instruction. Briefly, 200 μl gill cell suspension was incubated with 10 μM DCFH-DA dissolved in PBS at 37°C for 30 min in the dark, washed twice with PBS and maintained in cell culture media up to analysis. Samples were then placed in flat bottom 96-well microplates and fluorescence was detected at an excitation wavelength of 498 nm and an emission wavelength of 522 nm using a Thermo Scientific Varioskan Flash.
Antioxidative enzyme activities
To assess enzymes activity and amount of protein, the gill tissue was homogenized (1:4, w:v) in 50 mM Tris buffer, pH 7.4, containing 0.5 mM sucrose, 0.15 mM KCl and 1 mM PMSF using an Ultra-Turrax homogenizer (IKA, Germany) and centrifuged at 12,000 g for 20 min at 4°C. Then, the supernatant fraction was centrifuged at 22,500 g for 1 h at 4°C. The resulting supernatants were used for enzyme-activity analysis. The total protein content of each gill sample was determined using the BCA assay.
SOD activity was measured by the reduction of nitroblue tetrazolium (NBT) following the method of McCord & Fridovich (1969) as modified by Manduzio et al. (2004) . The 3-ml reaction mixture consisted of PBS (50 mM, pH 7.8), methionine (130 mM), NBT (750 μM), riboflavin (20 μM) and crude enzyme extract in Tris-HCl solution (100 μl). The reaction mixture was incubated for 20 min at 37°C under two 20 W daylight lamps. The change in absorbance was recorded at 560 nm using a UV/vis spectrophotometer (Thermo, USA). Nonilluminated mixtures without gill homogenate supernatant were used as control. One unit of SOD activity is defined as the amount of enzyme that inhibits 50% of the reduction of NBT and the result is defined as units of SOD activity per mg protein.
CAT activity was determined following Aebi (1984) as the decrease in absorbance at 240 nm due to H 2 O 2 consumption (20 mM H 2 O 2 in 50 mM PBS pH 7.4). Absorbances were read every 20 s for 5 min in 96-well microplates in the same spectrophotometer described above. Results were expressed as U (1 μmol of H 2 O 2 consumed in 60 s) mg −1 protein. Glutathione peroxidase (GSH-Px) activity was assayed by monitoring the consumption of NADPH at 340 nm. A total volume of 1 ml containing 50 mM PBS (pH 7.5), 20 mM EDTA, 2 mM glutathione, 0.5 mM sodium azide (NaN 3 ), 2 U ml −1 glutathione reductase and 0.1 mM NADPH was mixed with 0.1 ml gill homogenate supernatant. The enzyme activity was expressed as U mg −1 protein; one unit determines the amount of enzyme that catalyses oxidation of 1 mM NADPH within 1 min at room temperature (Parolini, Binelli & Provini, 2011) .
MDA content assay
MDA content was evaluated by the thiobarbituric acid reactive substances (TBARS) method (Mihara & Uchiyama, 1978; Lannig, Flores & Sokolova, 2006) . Briefly, gill tissue homogenates prepared as above were centrifuged at 13,000 g for 5 min at 4°C. Then the supernatants were collected for MDA content detection. To the sample was added 0.6% thiobarbituric acid (TBA) and 1% H 3 PO 4 in the ratio 1:6:2 (by volume) and then the mixture was heated at 100°C for 45 min. After cooling to room temperature, 4 ml of n-butanol was added and shaken gently and the n-butanol layer was separated by centrifugation at 2500 g for 5 min. The production of MDA was read with a spectrophotometer at 532 nm. The MDA standard was prepared by dissolving 25 μl of 1,1,3,3-tetraethoxypropane (TEP) in 100 ml of water to give a 1 mM stock solution. Working standards were prepared by hydrolysis of 1 ml TEP stock in 50 ml of 1% sulphuric acid and incubation at room temperature for 2 h. The resulting MDA standard of 20 mM was further diluted with 1% sulphuric acid to produce final concentrations of 10.5, 2.5, 1.25 and 0.625 mM to create a standard curve for the estimation of total MDA (Tüközkan, Erdamar & Seven, 2006) . The MDA content of the samples was expressed as nmol mg −1 protein.
RNA extraction, cDNA synthesis and real-time quantitative PCR
Total RNA was extracted from gill tissues with TRIzol reagent (Invitrogen, USA) following the manufacturer's instructions. Total RNA was incubated with RNase-free DNase I (Roche, USA) to remove the contaminating genomic DNA. First-strand cDNA was synthesized from 2 μg of total RNA by RevertAid TM M-MuLV Reverse Transcriptase (Fermentas, Canada) following the manufacturer's protocol with oligo d(T) 18 . The expression levels of Hsp70 transcripts were evaluated by real-time quantitative PCR (qPCR) in an ABI Step One Real-time Detection System (Applied Biosystems, USA). The reference gene 18 S rRNA was used as internal control (Cubero-Leon et al., 2012) and the primers are shown in Table 1 . The amplification was performed in a total volume of 20 μl, containing 10 μl RealMasterMix SYBR Green (Tiangen, China), 1 μl of the diluted cDNA, 0.5 μl of each primer and 8 μl ddH 2 O. The qPCR programme was carried out at 95°C for 1 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 15 s. Dissociation analysis of amplification products was performed at the end of each PCR to confirm that only one PCR product was amplified and detected. Only a single, sharply defined melting curve with a narrow peak was used for analysis. After the PCR programme, data were analysed with ABI Step One SDS software (Applied Biosystems, USA). The comparative CT method (2 −ΔΔCT method) was used to analyse the mRNA expression of Hsp70 (Livak & Schmittgen, 2001 ).
SDS-PAGE and western blotting
Sample preparation was as described above after stress treatment. Briefly, c. 100-200 mg gill tissue was homogenized in four volumes (w/v) of lysis buffer (50 mM Tris-HCl, pH 8.0, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 1 mM PMSF) at 4°C with an Ultra-Turrax homogenizer (three periods, 20 s each time) (IKA, Germany). Then the homogenates were centrifuged at 12,500 g for 10 min at 4°C. The supernatants were collected and the total protein content was determined using the BCA assay. Fifty microgram total protein of each gill sample was diluted in 1×Laemmli sample buffer (50 mM Tris-HCl pH 6.8, 10% glycerol, 2% 2-mercaptoethanol and 10% SDS), boiled for 5 min at 100°C and centrifuged at 12,500 g for 10 min. The supernatant was loaded onto 12% polyacrylamide gels. Electrophoretically separated proteins were wet-transferred to PVDF membranes (Millipore, USA) for 50 min with a constant voltage of 80 V at 4°C. Resulting blots were blocked for 1 h in 1% BSA dissolved in phosphate buffer saline (PBS, 136 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 .12H 2 O, 1.8 mM KH 2 PO 4 , pH 7.4) containing 0.1% Tween-20 (PBST), washed twice for 5 min in PBST and incubated in the primary antibody diluted in 1% BSA. Primary antibodies of p38-MAPK (12C63, BOSTER, China), Phosphop38-MAPK (Thr180/Tyr182) (4511 S, CST, USA), caspase-3 (9665 S, CST, USA) and β-actin (4970 S, HuaAn, China) were used in the study and diluted 1:1,000 as working dilutions. Following three 5-min washes in PBST, blots were incubated with the secondary antibody (goat anti-rabbit, TRANSGEN, China). All secondary antibody was diluted 1:5,000 in 1% BSA in PBST and incubated for 1 h at room temperature. Following six 5 min washes in PBST, blots were treated with enhanced chemiluminescent reagent (Advansta, USA) for 2 min. Finally, blots were photographed by a biomolecular imager (ImageQuant LAS 4000 Mini, GE, USA). Densitometric analyses were performed using Image J software (http://rsb.info.nih.gov/ij/). Equal protein loading was verified by probing identical samples with an anti-actin antibody (total protein extracts). Phosphorylated p38 expression was normalized to total p38-MAPK level. For the antibodies of p38-MAPK and phosphorylated p38-MAPK, the density was calculated as the intensity of the specific single band. For the antibody of caspase-3, which detected the endogenous levels of pro-caspase-3 (35 kDa) and large active fragments (17/19 kDa) of caspase-3, the density was calculated as the intensity of the corresponding bands. Western blots shown are representative of three independent experiments.
Statistical analysis
The data were analysed by one-way ANOVA with temperature as the factor, using SPSS for iOS (SPSS Inc.). Least significance difference (LSD) post hoc paired comparison test was used to analyse the differences between control and treatments. Results are presented as means ± SE for three independent experiments. One asterisk and two asterisks denote, respectively, statistically significant differences (P < 0.05) and highly significant differences (P < 0.01) between experimental treatments (cold and heat stress) and the control (15°C); n = 3 for each treatment.
RESULTS
Mussel cumulative mortality
The temperature tolerance of Mytilus galloprovincialis was evaluated by counting the dead animals during the experiments. Cumulative mortality for each temperature treatment after 1-h stress and 24-h recovery period is shown in Figure 1 . The highest cumulative mortalities were 28% and 20%, appearing after acute stress and recovery at 4°C and 35°C, respectively. The mortality was temperature dependent.
ROS production
ROS production in gill tissue of M. galloprovincialis is shown in Figure 2 . A highly significant increase of ROS production was detected after cold stress at 4°C (P < 0.01), with a peak value 8.4 times that of the control. No significant ROS production was detected after 9°C stress. ROS production also showed a highly significant increase after heat stress at 30°C, with the value 5.8 times as much as the control. No significant change of ROS production was detected at 25°C and 35°C exposure. However, ROS production showed a highly significant decrease after 24 h recovery in all stressed groups (P < 0.01), with the lowest value of 22% that of the control in the 9°C-stress-recovery group (Fig. 2) . 
MDA content
MDA content after stress is shown in Figure 3 . MDA content increased significantly after cold exposure at 4°C and 9°C and heat exposure at 30°C and 35°C (P < 0.05). The high MDA content was maintained throughout the 24 h of recovery, with the peak value of 1.9 times that of the control appearing at 24 h recovery after 35°C stress (P < 0.01).
Antioxidant enzyme activity
The activities of SOD after thermal stress are shown in Figure 4A . SOD activity decreased significantly after cold stress at 4°C and low activity was maintained through the 24-h recovery (P < 0.01). No significant change was detected after 25°C exposure. However, SOD activity showed significant increases and high activity was maintained through to the 24-h recovery period, after heat stress at 30°C and 35°C (P < 0.05), with the peak value 2 times as much as the control after acute stress at 35°C (P < 0.01).
CAT activities are shown in Figure 4B . The CAT activities were significantly increased after cold stress at 4°C and 9°C Figure 1 . Cumulative mortality of Mytilus galloprovincialis after cold and heat stress. Fifty mussels were used in each treatment and control (15°C) group. Cumulative mortality was calculated by counting dead mussels after stress and 24 h recovery. Figure 2 . ROS production in gill tissue of Mytilus galloprovincialis after thermal stress. Results are expressed as percentage of the control. The same treatment at 15°C and 24-h recovery of 15°C-exposure group were set as the corresponding controls, respectively. Statistical significance between experimental treatment and control (15°C): *P < 0.05; **P < 0.01. Each bar represents the mean ± SE; n = 3. (P < 0.05). After heat stress, significant increases of CAT activities were detected after 30°C and 35°C exposure (P < 0.01), with the peak value 2.5 times that of the control after 1 h stress at 30°C (P < 0.01).
GSH-Px activities increased significantly after both cold and heat stress (P < 0.05), with the peak value 3.4 times that of the control occurring at 1 h after 4°C stress (P < 0.01). However, it returned to the control level only in the 25°C-stressed-recovery group (Fig. 4C ).
Quantitative analysis of Hsp70 mRNA expression
The mRNA expression levels of Hsp70 after thermal stress are shown in Figure 5 . No significant change of Hsp70 transcripts was detected after acute cold stress; however, it decreased significantly after 24 h recovery, with the lowest value appearing in the 4°C stress-recovery group (P < 0.01). Hsp70 expression increased significantly after acute heat exposure (P < 0.01), with the peak value reaching 26 times as much as the control after 1 h of 35°C stress, and the high mRNA expression levels were maintained in the 24-h recovery period in the 30°C and 35°C stressed groups (P < 0.01).
p38-MAPK expression and phosphorylation
The expression levels of p38-MAPK phosphorylation are shown in Figure 6 . Phosphorylation levels of p38-MAPK showed a significant increase after cold stress, with the peak value 2 times as much as the control after 1 h at 4°C (P < 0.01) (Fig. 6) . The phosphorylation of p38-MAPK showed significant increase after acute stress at 30°C (P < 0.05). However, phosphorylation levels of p38-MAPK were not different from the control group after 24 h recovery in all stressed groups.
Caspase-3 activation
Expression profiles of pro-caspase-3 and active-caspase-3 after thermal stress are shown in Figure 7 . Pro-caspase-3 increased significantly after cold exposure at 4°C and 9°C (P < 0.05) (Fig. 7A ) and the high expression was maintained through to 24 h recovery, reaching a peak value 3.5 times as much as the control at 24 h recovery after 4°C stress (P < 0.01). After heat stress, pro-caspase-3 levels also increased significantly (P < 0.05). Active caspase-3 expression levels showed a similar profile with those of the procaspase-3, with a peak value 3.6 times as much as the control at 24 h recovery after 9°C stress (P < 0.01) (Fig. 7B) . No significant caspase-3 activation was detected after 25°C stress.
DISCUSSION
Previous studies have suggested that Mytilus galloprovincialis is a warm-adapted species (Braby & Somero, 2006; Schneider & Helmuth, 2007) . Our results showed that high mortality of M. galloprovincialis was detected after extreme cold and heat stress (Fig. 1) and that the mortality is temperature dependent, indicating that temperatures lower than 9°C or higher than 35°C might be beyond the optimal temperature of these mussels in responding to acute stress. In a similar study, Anestis et al. (2007) found that 80% of M. galloprovincialis died within 15 d at an acclimation temperature of 30°C. have demonstrated that a temperature-threshold effect was evident at 33°C in M. galloprovincialis, especially when exposed in air.
ROS production is an important cellular metabolic activity in aerobic organisms (Bayne, 1990; Pipe, 1992) . Our results showed Figure 5 . Hsp70 mRNA expression levels in gill tissue of Mytilus galloprovincialis after thermal stress. 18 S rRNA was used as the reference gene. Statistical significance between experimental treatment and control (15°C): *P < 0.05; **P < 0.01. Each bar represents the mean ± SE; n = 3. Figure 6 . Analysis of phosphorylation levels of p38-MAPK (Thr180/Tyr182) (relative values) in gill tissue of Mytilus galloprovincialis after thermal stress. Expression levels of total p38-MAPK and phosphorylation of p38-MAPK were detected by western blotting. Phosphorylation of p38-MAPK was normalized by using total p38-MAPK. Statistical significance between experimental treatment and control (15°C): *P < 0.05; **P < 0.01. Each bar represents the mean ± SE; n = 3.
that ROS production increased significantly in gill tissue of M. galloprovincialis after cold and heat exposure at 4°C and 30°C (Fig. 2) , indicating that increased ROS production could be induced by extreme cold and moderate heat stress. Previous studies demonstrated that greater ROS production might be induced in marine bivalves under heat stress (Mackenzie et al., 2014; Wu et al., 2016) . In addition, low temperature can also induce oxidative stress in aquatic animals (Niyogi et al., 2001; Malek et al., 2004) . The increase in ROS production in M. galloprovincialis might be due to the disruption of oxygen-metabolic homoeostasis casued by temperature exposure (Gorenkova et al., 2013) . However, the ROS production decreased significantly at 24 h recovery after both cold-and heat stress (Fig. 2) , probably due to a decrease of some biochemical reactions after thermal stress (Lushchak, 2011) . In addition, mussels might enter a state of metabolic depression after exposure to acute heat stress, with multiple mechanisms restraining the metabolic rate to only a few percent of normal levels (Widdows et al., 1979; De Zwaan, 1983; Widdows & Shick, 1985) .
Elevated production of ROS can disturb cellular homoeostasis by causing peroxidation of lipids and enzyme inhibition (Atli et al., 2006; Donaghy et al., 2012) . MDA accumulation was detected after both low and high temperature and after 24 h recovery (Fig. 3) , suggesting that MDA content could be induced by cold and heat stress and could not recover in a short time. Similarly, Negri et al. (2013) demonstrated that MDA levels increased after heat and copper stress. Kamel et al. (2014) suggested that MDA concentration in organisms might be used as a marker of membrane phospholipid oxidation through lipid peroxidation after environmental stress. Antioxidative enzymes (including SOD, CAT and GSH-Px) act as the first line of antioxidant defence. Our results showed that the activities of SOD, CAT and GSH-Px were increased significantly after heat stress (Fig. 4) , possibly because oxidative stress enhanced the posttranslational modification or the synthesis activities of these enzymes in response to ROS production (Lushchak, 2011) .
In summary, our findings showed that both cold and heat stress could induce ROS production in the gill of M. galloprovincialis and that MDA content also increased significantly after stress and 24 h recovery, which might result in further oxidative damage to gill tissue in mussels. The antioxidant enzymes might cooperate in the response to the oxidative stress.
Since Hsp70 maintains the tertiary structure of proteins during oxygen metabolic stress, a stimulus sufficiently strong to damage proteins may trigger transcription of Hsp70 mRNA (Ramaglia & Buck, 2004) . In all cold shock trials after 24 h recovery, the observed expression levels of Hsp70 mRNA decreased in the gill tissue of M. galloprovincialis (Fig. 5) ; a less pronounced decrease in expression of Hsp70 in oysters was observed after short-term cold stress (Zhu et al., 2016) . Our findings showed that Hsp70 synthesis might be inhibited, or Hsp70 expression could not be induced by cold stress. However, Hsp70 mRNA expression could be induced after heat stress (Fig. 5) , suggesting that Hsp70 might participate in the heat-stress response. Previous studies showed that Hsp70 expression was strongly up-regulated after heat stress in M. galloprovincialis and M. trossulus (Buckley et al., 2001; Lockwood et al., 2010) , especially after exposure in air (Anestis, Pörtner & Michaelidis, 2010) , in agreement with our results.
The p38-MAPK signalling cascade is involved in organisms' response to various environmental stresses (Cuenda & Rousseau, 2007) and might participate in the phosphorylation of heat-shock factor (HSF) and promote the induction of Hsps in bivalves, including M. galloprovincialis, during thermal stress (Buckley et al., 2001; Anestis et al., 2007 Anestis et al., , 2008 Gourgou et al., 2010) . A significant increase of p38-MAPK activation was induced after 4°C and 9°C stress (Fig. 6) , suggesting that p38-MAPK activation might be crucial in the gill tissue response to cold stress. A moderate increase of phospho-p38-MAPK in mantle tissue of M. galloprovincialis has also been demonstrated after cold stress at 4°C (Kefaloyianni et al., 2005) . In addition, a significant increase of p38-MAPK phosphorylation was induced after 30°C stress (Fig. 6) . Some previous investigations showed that p38-MAPK phosphorylation levels were induced in the mantle, gill and haemocytes of M. galloprovincialis after heat stress (Kefaloyianni et al., 2005; Gourgou et al., 2010; Yao & Somero, 2012) . However, no significant change of phosphop38-MAPK levels was detected after 35°C stress, suggesting that Figure 7 . Expression levels of pro-caspase-3 (A) and active-caspase-3 (B) in gill tissue of Mytilus galloprovincialis after thermal stress. Pro-and active-caspase-3 expression levels were determined by western blotting. The expression levels of β-actin were set as internal control. Statistical significance between experimental treatment and control (15°C): *P < 0.05; **P < 0.01. Each bar represents the mean ± SE; n = 3.
p38-MAPK might not be activated at 35°C or higher. In addition, no significant change of phosphorylation of p38-MAPK was observed after 24 h recovery, indicating that p38-MAPK might be important in the early response after stress.
Caspase-3 is well-known to carry out proteolytic cleavage during apoptosis (Earnshaw, Martins & Kaufmann, 1999) . It has been reported that the caspase-3 activation could be induced by metal, thermal and chemical stress in the gill, mantle tissue and haemocytes of M. galloprovincialis (Kefaloyianni et al., 2005; Châtel et al., 2011; Yao & Somero, 2012) . Our results showed that caspase-3 could be activated after cold and heat stress in the gill (Fig. 7B) , indicating that caspase-3 might participate in an apoptotic response during thermal stress. Similarly, increasing caspase-3 transcripts in the gill tissue of M. galloprovincialis were detected after heat stress at 28°C by Lockwood et al. (2010) . Caspase-3 activation was detected in haemocytes of M. galloprovincialis after cold and heat stress (Yao & Somero, 2012) . Romero et al. (2011) suggested that overexpression of caspase might be necessary to clear the damaged cells and could regulate the apoptotic process in bivalves.
Overall, our results showed that Hsp70 transcripts in the gill tissue of M. galloprovincialis could be induced by heat stress, with high expression levels maintained for at least 24 h after exposure, indicating that heat stress might have provided a stimulus sufficiently strong to trigger transcription of Hsp70 mRNA during exposure in air (Anestis et al., 2010) . However, p38-MAPK phosphorylation could be activated as an early response to both cold and heat stress. Furthermore, caspase-3 activation increased and might be involved in apoptosis.
In summary, our findings demonstrated that ROS production and MDA content increased significantly in gill of M. galloprovincialis after both cold and heat stress. Simultaneously, the activities of antioxidative enzymes increased, p38-MAPK phosphorylation levels were induced as an early response and apoptosis might be activated. However, Hsp70 might be more important under heat stress. Further studies should focus on the downstream consequences and the response of oxidative stress.
